AND CONCLUSIONS
1. Visual responses and their relationship to delay-period activity were studied by recording single neuron activity from the prefrontal cortex of rhesus monkeys while they performed an oculomotor delayed-response (ODR) and a visual probe (VP) task. In the ODR task, the monkey was required to maintain fixation of a central spot of light throughout the cue (0.5 s) and delay (3 s) periods and then make a saccadic eye movement to one of four or eight locations where the visual cue had been presented. In the VP task, the same visual stimuli that were used in the ODR task were presented for 0.5 s, but no response was required. The VP task was thus employed to test the passive visual response and, bv comparison with cue-elicited activity in the ODR task, to exshine the degree of behavioral enhancement present in prefrontal visual activity.
2. Among 434 neurons recorded from the prefrontal cortex within and surrounding the principal sulcus (PS), 26 1 had taskrelated activity during at least one phase of the ODR task, and 74 of these had phasic visual responses to the onset of the visual cues with a median latency of 116 ms. The visual responses of 69 neurons were excitatory, and 5 neurons were inhibited. Five of the neurons with excitatory visual responses also responded transiently after the offset of the cue.
3. Visual responses were classified as directional for 71 PS neurons (96%) in that excitatory or inhibitory responses occurred only for location of cues in a restricted portion of the visual field.
Only 3 PS neurons were omnidirwtional, i.e., responded equivalently to cues in all locations tested.
4. The best direction and tuning specificity of all PS neurons with directional visual responses were estimated from parameters yielding the best fit to a Gaussian-shaped tuning function. The best direction for the majority (7 1%) of neurons was toward the visual field contralateral to the hemisphere where the neuron was located. The remaining neurons had their best directions in the ipsilateral field ( 18%) or along the vertical meridian ( 1 1%).
5. The specificity of directional tuning for PS visual responses was quite variable, ranging from neurons that responded only to one of the eight cue locations to neurons that responded to all eight, but in a clearly graded fashion. The standard deviation parameter of the Gaussian curve indexed the breadth of directional tuning of each neuron; its median value was 37'.
6. Visual responses of 36 PS neurons were obtained in both the ODR task and the VP task. Extremely strong positive correlations were found for both best direction and tuning across the two tasks, suggesting that both tasks elicit the same underlying visual responses via receptive field activation.
7. To examine how visual responses in the prefrontal cortex are modified by their behavioral significance, enhancement indexes were calculated for the 36 PS neurons based on their responses to visual cues in the ODR task relative to their responses to the same stimuli in the VP task. The majority (79%) of PS neurons showed enhancement indexes between 0.5 and 2.0, indieating an insignificant effect, and the median overall enhancement index was 1.12.
8. Distinct populations of PS neurons carry visual and mnemonic information, including neurons with only cue-period activity (n = 27), neurons with both cue-and delay-period activity (n = 33), and 1 a arge population of neurons (n = 78) having only delay-period activity. Composite histograms constructed for each of these three groups indicate that population delay-period activity across PS neurons builds gradually after a phasic response to the cue. 9. A comparison of the directional selectivity of the visual responses with that of the delay-period activation was made for 27 PS neurons with both types of activity in the ODR task. There was a high positive correlation in the best directions across neurons.
IO. These findings indicate that visual inputs to the principal sulcal area play an important role in constructing "memory fields" that hold visuospatial information "on-line" when a stimulus goes out of view. However, the results also indicate that the mnemonic activity is not simply an enhancement in magnitude and duration of a neuron's visual responses. The mnemonic process may rather involve several distinct types of PS neurons that communicate with each other locally.
INTRODUCTION
Neuronal activity in the dorsolateral prefrontal cortex of the monkey has been extensively studied in conjunction with a variety of behavioral tasks and conditions. Neurons there have been shown to respond during manual delayedresponse tasks (Batuev et al. 1985; Fuster 1973; Kojima and Goldman-Rakic 1982, 1984; Kubota et al. 1974; Niki et al. 1974c Niki et al. , 1976 , spatial alternation tasks (Batuev et al. 198 1; Kubota and Niki 197 1; Niki 1974a,b) , conditional response tasks (Watanabe 198 1 ), go/no-go tasks (Komatsu 1982; Watanabe 1986) , visual discrimination tasks (Kubota et al. 1980; Fuster et al. 1982; Rosenkilde et al. 198 1; Quintana et al. 1988; Yajeya et al. 1988) , visual detection tasks (Mikami et al. 1982b) , and several types of saccade tasks (Both and Goldberg 1989; Joseph and Barone 1987; Kojima 1980) including oculomotor delayed-response (ODR) tasks (Funahashi et al. 1989a ). Activity of prefrontal neurons under many of these complex behavioral conditions has been argued to reflect the role of the prefrontal cortex in spatial memory and other aspects of learned and cognitive behavior and to provide a basis for interpreting the effects of lesions of the prefrontal cortex on performance of these tasks in both humans and monkeys (Bruce 1988; Fuster 1989; Goldman-Rakic 1987; Stuss and Benson 1986) .
One major category of neuronal activity in the prefrontal cortex is responsivity to sensory stimuli. This can take the rorm of a response to the visual cue in a delayed-response task (Fuster 1973; Kojima 1980; Niki et al. 1974c Niki et al. , 1976 Because the behavioral tasks that have been examined are complex and usually involve multiple presentations of visual stimuli, the property of the stimulus to which a prefrontal neuron is responding during such tasks is often unclear. Because in many previous studies eye movements were not controlled, and the retinal locations of visual stimuli were not recorded, it is not clear how precisely prefrontal activity registers information about spatial location. Conversely, many studies test only a few spatial locations, and it is not known how the whole visual field is processed. In the present study, we have employed an ODR task in which the monkeys were trained to maintain fixation during presentation of stimuli at different locations across the visual field and during the subsequent delay period. With this method of controlling the retinotopic location of the visual cue, we could more accurately determine the spatial specificity of prefrontal activity.
In addition, we investigated whether the sensory response of prefrontal neurons could be modulated in accordance with its behavioral significance. An "enhancement" of sensory responses in conjunction with saccadic eye movement tasks has been demonstrated in the superior colliculus (Goldberg and Wurtz 1972; Wurtz and Mohler 1976a) , the posterior parietal cortex (Bushnell et al. 198 1;  I 10" Robinson et al. 1978 ) the frontal eye fields (Bruce and Goldberg 1985; Goldberg and Bushnell 198 1; Wurtz and Mohler 1976b) , and the substantia nigra (Hikosaka and Wurtz 1983) . The term enhancement refers to the phenomenon in which the identical physical stimulus elicits a significantly larger response from the recorded neuron when that stimulus has behavioral relevance as compared to the response it elicits when it is task-irrelevant. Only a few studies have explored enhancement in prefrontal neurons. Mikami et al. (1982b) found only minimal enhancement of visual responses in conjunction with a visual detection task versus a visual probe (VP) task. In the present study we compared responses of prefrontal neurons to visual stimuli during a VP task to those of the same neurons while exactly the same visual stimuli were presented in the context of the ODR task. One might expect an enhancement of visual activity in the context of this task inasmuch as the prefrontal cortex is essential for optimal performance of short-term spatial memory tasks, including the ODR task (Funahashi et al. 1989a) .
Finally, we compared the visual activation of prefrontal neurons with their activity during the delay period of the ODR task. We have previously reported that many pre- (Funahashi et al. 1989a) . Briefly, the monkey sat in the primate chair during the experiment with his head fixed in position in a dark room. The monkey faced a 19-in cathode ray tube (CRT) (RCA, TC 1119) subtending 48 X 38" in visual angle, where visual cues were presented using a GRAPH-11 graphics card (Pacific Binary Systems). There was no background illumination on the CRT. The fixation target was a small white spot (0.1 O diam) usually presented at the center of the CRT. The peripheral visual cues were filled white squares (0.7 X 0.7"). The magnetic search coil technique (Robinson 1963) was used to monitor the monkey's eye position and movements. An on-line computer system (PDP-1 1) presented visual stimuli, monitored eye position, and rewarded correct oculomotor behavior with 0.2-ml drops of lightly sweetened water. Water was not available at the monkey's home cage during recording period; instead they worked to satiety during the daily 2-to 4-h recording sessions and were given ad lib chow and fruit on return to their home cage. Figure 1A shows a schematic drawing of the ODR task. After a 5-s intertrial interval (ITI), the fixation target appeared at the center of the CRT. The monkey looked at the fixation target and maintained fixation for 0.75 s (the fixation period), whereupon the visual cue was presented for 0.5 s (the cue period) at one of four or eight peripheral locations (13" eccentricity). Stimulus location was randomized over trials so that the monkey could not predict where the cue would appear on any given trial. A crucial feature of the task was that the monkey had to maintain fixation throughout the cue period and also throughout the subsequent delay period (usually 3 s). At the end of the delay, the fixation target was extinguished; this was the "go" signal to make a saccade. If the monkey made a saccadic eye movement within the next 0.5 s (the response period) to the location where the cue had been presented, it was rewarded with a drop of water. A correct response was defined as an eye movement that fell within a predetermined window (6" in diameter) around the cue location.
ODR task

VP task
In the VP task ( Fig. 1 B) , the fixation target was present at the center of the CRT at all times, including the ITI, to prevent PS neurons (n=67) frontal neurons have "memory fields," i.e., show excitation or inhibition in the delay period only for selected, usually contralateral directions (Funahashi et al. 1989a ). Knowledge about the degree of similarity between the memory field of a prefrontal neuron and its visual receptive field could provide insight into the issue of how memory fields are constructed in prefrontal neurons.
Preliminary results from this study have been presented in abstract form (Funahashi et al. 1989b ). Visual cues were presented in 1 of the 8 directions randomly, always at 13" eccentricity, and each data point represents the average of 6-10 trials. Neuron 5277, I& hemisphere, has narrowly tuned ( 7'd = 16") excitatory cue-period activity with its best direction at 82". Neuron 7074, righr hemisphere, has moderately tuned ( Td = 37") excitatory cue-period activity with its best direction at 1 19". Neuron 5268, k/l hemisphere, has broadly tuned ( Td = 90") excitatory cue-period activity with its best direction at 352". Horizontal lines in tuning curves indicate the neuron's spontaneous discharge rate.
saccadic eye movements to the visual target; the monkey was simply required to maintain fixation continuously to obtain reward. While the monkey maintained fixation, a peripheral visual test stimulus appeared for 0.5 s on the CRT. If the monkey maintained fixation, a reward was delivered 2 s after the offset of the test stimulus. If the monkey broke fixation during the presentation of test stimuli or during the subsequent 2-s fixation period, the test stimulus disappeared immediately and the task entered the ITI (3 s) without reward. The visual stimuli and the location PS neurons (n=62) CO" 1doo Tuning indices (Td) FIG. 7. Distribution of tuning indexes (Td) of cue-period activity in the oculomotor delayed-response task for 62 principal mean + SD are 46 + 33", and the median Td is 37' sulcus neurons. The tested were exactly the same as those of visual cues in the ODR task. The VP task was applied only to neurons that had visual responses in the ODR task. No external signal was given to the monkeys when the task was changed; however, VP and ODR trials were not interspersed, but, rather, were always run in blocks of 40 or more trials.
Recording and analysis qf single neuron activity Single neuron activity was recorded with Parylene-coated tungsten microelectrodes (2-5 MQ at 1 kHz, Micro Probe) or glass-coated elgiloy microelectrodes (OS-1 .O MQ at 1 kHz). We monitored both the raw activity signal and the window discriminator output (model DS-1, BAK) simultaneously by an oscilloscope (5 110, Tektronix) and an audio monitor. After analyzing the response properties of neurons, we sometimes microstimulated through the recording electrode to determine whether the recording site was in the frontal eye fields while the monkey maintained fixation. Details of microstimulation were described in our previous report (Funahashi et al. 1989a) .
The on-line computer system, in addition to carrying out the behavioral paradigms, sampled neuronal and ocular signals and stored these data in relation to task events on magnetic media. Two types of data storage files were collected. Evertt bz&& files contained the time of every event that the computer had access to, including the time of each discriminated action potential; the time of events such as the appearance and disappearance of visual cues; and the time, duration, direction, and amplitude of each saccade made. Individual event buffer files usually contained 50-100 trials. Analog bufir files contained multiple records ( l-to 2-s epochs) of eye position and velocity signals, together with the discriminated action potentials and a code representing progress through the task paradigm.
Using the stored event buffer files, we examined rasters and histograms of neuronal activity for each cue location. For the present study, the rasters and histograms were made with different alignment points including the onset of the cue and the start of the ous or background discharge rate for the neuron, D is the direction yielding their best cue-period activity, Td is an index of tuning with respect to direction, and R is the response rate at the best cue direction. This Gaussian curve method was previously used for response fields of frontal eye field neurons by Bruce and Goldberg (1985) and for memory fields of prefrontal neurons by Funahashi et al. (1989a) . However, our implementation of the Gaussian formula differed from that of Bruce and Goldberg (1985) who simply fixed the offset, B, at the spontaneous rate of the frontal eye field neurons being studied. Instead, we allowed B to vary in order to fit the PS neurons that were inhibited below spontaneous rate for cue directions opposite the best excitatory direction. The data to be fit were the maximum discharge rates over the IOO-ms portion of the 500-ms cue period for each cue Histograms demonstrating the similarity in directional preferences associated with cue-period activity and with delay-period activity for a principal sulcus neuron (5041.0, right hemisphere) that had significant responses in both parts of the oculomotor delayed-response (ODR) task. C, D, R, cue, delay, and response periods. A: both the cue-and delay-period activity were maximal after cues presented in the contralateral visual field along the horizontal meridian ( 1 80°, ZeJ). At the same time, the neuron had substantial postsaccadic responses after saccades to the right (ipsilateral: 45,0, and 3 15") as well as weak presaccadic responses during saccades to the left (contralateral: 135, 180, and 225"). Visual cues were presented randomly in 1 of the 8 locations indicated in the central diagram. All cue eccentricities were 13O and all delay periods were 3 s. Histogram binwidth is 40 ms. B: cue-period activity at the 180" trials of same neuron (5041.0) is shown with time scale expanded and a cumulative histogram in addition to rasters and conventional histogram. Visual response latency at the 180" location was 80 ms as judged by inflection of the cumulative histogram. Histogram binwidth is 15 ms. Comparison of directional tuning for cue-and delay-period activities of two principal sulcus neurons having both types of response in the oculomotor delayed response task. Plots show discharge rate during the cue period and the delay period for the 8 different cue directions, with a Gaussian function fit to both sets of data. Cue-period activity for each cue direction was measured by discharge rate during the lOO-ms period beginning at response latency of the neuron's best direction. Delay-period activity for each cue direction was the mean discharge rate during entire delay period (3 s). Neuron 7095 (left hemisphere) shows very similar tuning indexes and best directions between both activities (cue-period activity, Td = 23 O, best direction = 116"; delay-period activity, Td = 29", best direction = 12 1"). Neuron 5041 (right hemisphere) shows somewhat different tuning indexes and almost the same best directions between two activities (cue-period activity, Td = 3 1 O, best direction = 177"; delay-period activity, Td = 18", best direction = 193"). These tuning curves are based on neuronal activity shown in Fig. 10 . Neuron 5274 (lefl hemisphere) shows fairly different best directions and tuning indexes between two activities (cue-period activity, Td = 67", best direction = 30"; delayperiod activity, Td = 29", best direction = -76").
direction. The fit was implemented by iteratively searching for the B, R, D, and Td combination that minimized the least-square deviations between the data and the curve.
After 2-8 months of nearly daily recording sessions, the monkeys were sacrificed with an overdose of pentobarbital sodium and perfused with saline followed by buffered Formalin. The brains were photographed. Frozen coronal sections were taken and stained with thionin. Individual recording sites that had been marked with electrolytic lesions (20 PA, lo-15 s, tip negative for tungsten electrode and tip positive for elgiloy electrode) were identified. However, the long duration of recording and large number of electrode penetrations precluded identification of most penetrations, and their locations in the brain were estimated from their microdrive coordinates.
RESULTS
General
A total of 434 single neurons were recorded from the cortex within and surrounding the principal sulcus (PS) in 6 hemispheres of four rhesus monkeys. Among these, 261 neurons (60%) showed excitatory or inhibitory responses in relation to one or more events of the ODR task (cue, delay, and/or response period) and were classified as task-related neurons (Fig. 2 ). Of 26 1 task-related PS neurons, 74 (28% of task-related neurons, 17% of all PS neurons) responded to the visual cue in the cue period. The cue-period activity was defined as the response upon the presentation of the peripheral visual cues in the cue period; therefore, tonically sustained delay-period activity that often started within the cue period was excluded.
The delay-period activity of 288 among 434 PS neurons has been characterized fully in a previous report (Funahashi et al. 1989a ).
Characteristics of responses to visual cue stimuli
Three types of responses to the visual cue were observed; excitatory on-responses, excitatory off-responses, and inhibitory on-responses. Most PS neurons (n = 69, 93%) showed an excitatory on-response to the visual cue (Fig.  3A) . A few (n = 5) of these PS neurons had an excitatory off-response (Fig. 3B) as well. A few of the PS neurons (n = 5, 7%) showed only an inhibitory on-response (Fig. 3C) .
Visual response latencies for each cue location were measured by making cumulative histograms aligned at the presentation of the cue at the locations where PS neurons had their largest response and judging the earliest point of inflection. The response latency ranged from 37 to 309 ms for 67 PS neurons (Fig. 4) , with a mean and standard deviation (SD) of 134 t 58 ms and a median of 116 ms.
Directional selectivity of cue-period activity Among 74 PS neurons with responses to visual cues, the vast majority (n = 7 1, 96%) responded selectively or differently as a function of cue location, and, therefore, were classified as having directional cue-period activity. Only three (4%) showed equivalent activity for all locations tested and were classified as neurons with omnidirectional cue-period activity. Figure 5 shows an example of directional cue-period activity. This PS neuron had a strong phasic response to visual cues presented in the right (con- (Fig. 5B ). The population of directional PS neurons showed a remarkable range of tuning specificity for their visual responses in the ODR task. Some directional neurons, like the one illustrated in Fig. 5 , were broadly tuned and responded to all, or nearly all, cue locations around the entire visual field, although their response magnitude varied substantially with cue directions. Other neurons responded exclusively to only one or two of the eight cue directions tested, and many neurons were intermediate in their tuning.
To quantify the directional specificity of cue-period activity, we fit cue-period activity to tuning curves defined by a Gaussian function as described in METHODS.
The standard deviation parameter (&) obtained from the Gaussian fit provides an index of directional specificity for each neuron. Figure 6 shows three PS neurons with different tuning functions; narrowly tuned (neurun 5277, Td = 16"), moderately tuned (neuron 7074, 7'd = 37"), and broadly tuned activity (neuron 5268, 7'd = 900). Figure 7 shows the distribution of & values for all 62 directional PS neurons that were fit; the median 7'd was 37", and the mean Td was 47 + 33' (SD). Td values as low as 4" and as high as 159O -were obtained. The smallest Td values were obtained from highly specific neurons responsive to only one direction, although their exact values are estimates because the spacing of cue directions tested was always 45O for these data. These tuning curves also provided an estimate of each neuron's best response direction (D in the formula). Figure  8A shows polar plots of D for 62 PS neurons in the ODR task. For analytic and graphic purposes, the best directions of right-hemisphere neurons were transformed into mirror-image directions in the right visual hemifield, as if all neurons were recorded from the left hemisphere. The majority of best directions were directed toward the visual field contralateral to the recording hemisphere; among 62 PS neurons fit with tuning curves, the best directions of 44 (7 1%) were in the contralateral visual field, 11 ( 18%) had best directions in the ipsilateral field, 4 (6%) PS neurons had their best direction for the 90' direction, and 3 (5%) for the 270" direction. This contralateral bias of best directions was highly significant (x2 = 19.800, df = 1, P < 0.00 1). The upper-lower bias in the ipsilateral field evident in Fig. 8 may be caused by a sampling error because we did not observe such a bias in the best directions of the delay-period activity.
Relationships bet ween delay-period and cue-period activity in the ODR task To study the relationships between cue-and delay-period activity, we first classified all of our PS samples solely with regard to the presence or absence of cue-period activity and delay-period activity, thereby collapsing the detailed data base presented in Fig. 2 by ignoring response period activity. This classification emphasizes the fact that many PS neurons have delay-period activity in the absence of cue-period activity, and vice versa. This yields three IN PRIMATE PREFRONTAL NEURONS 823 A ODR task I  I III1  I  I  I  I  I  I I  I  I  I  II  I  I  II  I  I   I  II  I  I I  I I  II   II  I I I II I  I  II II  I I I III1  II  I  III  II I II I I  II II  III  II  I  lllllll  II  I groups: a C group (n = 3 l), neurons with cue-period activity in the absence of delay-period activity; a D group (n = 125) neurons with delay-period activity in the absence of cue-period activity; and a C+D group (n = 43), neurons with cue-period activity and delay-period activity. The number of D neurons compared with C or C+D neurons is surprisingly large. To further explore the role of these groups and to portray their overall population activities across the PS neurons during the ODR task, we made a set of three composite histograms that added together all neuronal activities of each responsive group. These three composite histograms are shown in Fig. 9 . Each neuron in groups C, D, and C+D contributes to the appropriate composite histogram only by activity associated with the best excitatory direction for that neuron, with neurons having only inhibitory responses being excluded.
Neurons in group C (Fig. 9A) show a rapid rise and an equally rapid falloff during the cue period with peak activation occurring at about 100 ms after cue onset. In contrast, neurons in group D (Fig. 9C) (Fig. 9B ) have a pattern that corresponds closely to the combined activities of group C and D neurons (Fig. 9, A and C) . In addition, the absence of any obvious cue-period activity in the composite histogram of group D neurons (Fig. SC) or obvious delay-period activity in the composite histogram of group C neurons (Fig. 9A ) supports the implications that quite distinctive populations of PS neurons carry sensory and mnemonic information and also that some neurons express both.
We further evaluated the relationship of visual and mnemonic activity by comparing the response fields in the individual PS neurons that had both visual and delay period activities (the C+D group). Figure 10 is an example of a PS neuron that had its most pronounced cue-period activation when the cue was presented at the MO0 location with a latency of 80 ms; reduced but significant activation also occurred at the 135 and 225O locations. This neuron also responded most actively at the 180° location in the delay period. In addition to the cue-and delay-period activity, this neuron had a substantial postsaccadic activation after saccades to the right (0, 45, and 3 15") and a weak presaccadic activation during saccades to the left ( 135, 180, and 225 "). Figure 11 shows the separate tuning curves fit to the cue and the delay-period activity of this (neuron 5041) as well as two other neurons (7095 and 5274). In neuron 7095, the match between the peaks (D) of the tuning curves for cue-and delay-period activity ( 116 and 12 1 O, respectively) and the match between the tuning indexes (Td) for these two activities (23 and 29", respectively) are very close. In contrast, for neuron 5041, although the match between the peaks (D) of the tuning curves for cue-and delay-period activity is fairly close ( 177 and 193"), a difference in tuning indexes (7'J (3 1 and 18') was observed. Further, as is the case for neuron 5274, there can also be substantial differences in both tuning indexes and best di- Ncwron 52 74 (kjl hemisphere) has different tuning indexes but similar best directions between two tasks (ODR task, Td = 66", best direction = 3 1"; VP task, Td = 33", best direction = 38"). Neuron 7053 (right hemisphere) has very similar tuning indexes and best directions between both tasks (ODR task, Td = 66", best direction = 155"; VP task, Td = 55 O, best direction = 149").
rections between the two types of activity (67 and 29O in Td, . Such tuning curve pairs were constructed for 27 PS neurons that had directional activity in both the cue and delay periods, and scattergrams ( Fig.  12 ) and correlation coefficients of best directions and tuning indexes were used to examine the overall relationships between cue-and delay-period activity. The best directions of the cue-and delay-period activity were highly correlated (r = 0.800) (Fig. 12A) . The tuning indexes (&) for the two activities in the C+D group were only modestly correlated (r = 0.267) (Fig. 12B ), but the mean tuning indexes (&) were very close; 48 t 42O (SD) for delay-period activity and 48 + 29' (SD) for cue-period activity.
-
Comparison of visual responses between the ODR task and the VP taik
To examine the extent to which the cue-period activity of a prefrontal neuron in the ODR task simply reflects the neuron's response to visual stimuli, we compared neuronal activity in 36 PS neurons that exhibited visual responses in both the ODR and VP tasks. A typical PS neuron that had a phasic excitatory response at the 0, 45, and 90' locations in both tasks is shown in Fig. 13, A and B . The response latency was also the same in both conditions (98 ms at the 0' location). Thus this PS neuron's directional selectivity, response type, magnitude, and latency were virtually identical in both tasks.
Further analysis of the directional selectivity of neurons in these two tasks consisted of constructing tuning curves for 23 PS neurons that had all been examined under the eight-cue condition. The two PS neurons illustrated in Fig. 14 had very similar best directions (D) and tuning indexes (Td) across tasks. Further, there was a strong correlation in best directions between the two tasks (Y = 0.945) (Fig. 15A) , and the polar plots of best directions also revealed a close correspondence (Fig. 8, A and B) . Additionally, as shown in Fig. 15 B, there was a positive correlation (r = 0.552) in tuning indexes between the two tasks, and the means of the tuning indexes (7'ti) were almost identical; 45 t 31 O (SD) for the ODR task and 45 t 38O (SD) for the VP task.
It is interesting that the best directions and the tuning specificity of the cue responses of PS neurons in the ODR task were more highly correlated with the best directions and tuning of their visual responses in the VP task than with those of their delay-period activity in the ODR task. This dissociation is especially impressive considering that the within-ODR correlation is derived from temporally contiguous events in the same trial, whereas the VP-visual versus ODR-cue correlation is between measures derived from two temporally separated paradigms. To further evaluate these relationships, we computed the disparity (absolute difference) among these independent measures of best direction and of directional tuning specificity for all neurons for which such comparisons could be made. The median disparity in the best direction for visual responses between the ODR and VP tasks was only So (n = 23). In contrast, the median disparity between the best direction of ODR cue-period activity and the best direction of ODR delay-period activity was 35O (n = 27). These two sets of disparities are significantly different (Mann-Whitney U test, U(23, 27) = 169, P < 0.0 1). Similarly, the median disparity in directional tuning specificity was 13' when tuning of visual activity were compared across the ODR and VP tasks, whereas the median disparity of tuning specificity between cue-period and delay-period activity within the ODR task was 28'. Again, these data significantly differ (Mann-Whitney U test, U(23, 27) = 297, P < 0.05). Thus, although the directionality of the cue-and delay-period activity are much more similar than could be expected by chance, they are not as well-matched as one would predict if the delay-period activity was simply a continuation of the neuron's visual responses. To examine whether an enhancement of visual responses occurs in PS neurons in the context of the ODR task relative to the VP task, we calculated an enhancement index using the following formula based on Bushnell et al.
where E is an enhancement index, ODRR is the visual response during the cue period in the ODR task, ODRB is the baseline activity for 0.5 s during the fixation period of the ODR task, VPR is the visual response in the VP task, and VPB is the baseline activity for 0.5 s during the fixation period of the VP task. We used the peak discharge rate over 100 ms during the 0.5-s cue period for ODR, and VPR. Using this formula, enhancement indexes significantly above 1.0 indicate that the behavioral manipulation augmented the sensory response. Among 34 PS neurons for which enhancement ratios were obtained, the median enhancement index was 1.12 with indexes ranging from 0.5 1 to 4.64 (Fig. 16 ). Only 7 neurons (2 1%) had significant enhancement based on the cutoff value 2.0 proposed by Both and Goldberg (1989) , whereas 27 (79%) had indexes between 0.5 and 2.0, indicating little effect of behavioral context on the visual response. Figure 16 also displays one of the seven neurons with an enhancement index above 2.0 (neuron 5041, E = 2.03) and one with an index near 1 .O (neuron 5103, E = 0.66).
Cortical distributioiI.y qJ'neurons with cue-period activity Figure 17 illustra:es ftvc location of all penetrations and also that of neurons with cue-period activity in each of the five hemispheres s:udit:d. Although neurons with visual responses were distributed throughout the prefrontal cortex, more visually responsive neurons were located in the ventral and posterior paris of the prefrontal cortex. We examined cue-period actiGty in six hemispheres of four rhesus monkeys. Ho\vcf/er, we do not include penetration sites in the right hemisphere of monkey 2 in Fig. 17 posterior part of the PS and also in the surrounding regions of the PS. However, in two hemispheres, 18 penetrations were made in the prearcuate region bordering the anterior bank of the arcuate sulcus where the frontal eye fields are located. A total of 53 neurons were recorded from the frontal eye fields and were identified by microstimulation by the use of the same criteria (~50~PA current threshold) for evoked saccades as Bruce et al. (1985) . These neurons were excluded from the data base for this report.
DISCUSSION
In the present experiment, PS neurons responded phasitally to the visual stimuli in the ODR task with a median latency of 116 ms. Virtually every PS neuron with visual responses was directionally specific, with different neurons preferring up, down, left, right, and various oblique directions and a strong overall tendency to prefer cue locations in the contralateral visual field. When neurons having cueperiod activity were tested on the VP task, they almost always responded with the same directionality, indicating that the response to the cues in the ODR task and the visual response in the VP task both reflect the same underlying visual responsivity and visual receptive field of the neuron. In addition, a comparison between the directional selectivity of cue-period activity and that of delay-period activity in the ODR task showed a strong positive correlation of the preferred directions. Such similarities between the cue-and delay-period activity suggest that the visual inputs to the prefrontal cortex play important roles in working memory processes, especially in constructing memory fields that maintain spatial information without the benefit of external cues. However, the best directions for cue-and delayperiod activity were not always identical for neurons having both activities, and, moreover, most PS neurons with delay-period activity lacked cue-period activity. Such differences indicate that the PS neuron's mnemonic activity is not derived from its sensory activity in any simple one-toone manner.
Cue-period activity in the delayed-response task
In the present experiment, the ODR task, in which the monkeys were trained to maintain fixation, and the visual Bottom bar graph shows overall distribution of enhancement indexes across the 34 PS neurons for which enhancement ratios were calculated. Mean enhancement index was 1.45 + 1 .OO (SD) and the median enhancement index was 1.12. Only 2 1% (n = 7) had significant enhancement (E > 2.0) with indexes ranging from 2.03 to 4.64. cue was randomly presented on different trials at multiple sequently, to know the precise retinal location of the pelocations around the visual field, allowed us to record the ripheral visual cue. Using this task, we found that almost monkey's direction of gaze throughout the task and, con-all (96%) PS neurons with cue-period activity showed direc- tional selectivity. These high percentages contrast with much lower values in previous studies. Niki (1974c) , for example, reported that only 25% of prefrontal neurons with cue-period activity exhibited differential activation depending upon the left or right position of a cue in a delayed-response task. Fuster et al. (1982) reported that only 24% of all neurons with cue-period activity exhibited differential activation depending upon cue location. One explanation for a lower proportion of directional neurons in previous experiments may be the lack of an enforced fixation point in these studies, which could have allowed restricted visual receptive fields to be stimulated on both "left" and "right" trials. For example, if the monkey looked at the stimulus whenever it was presented in the cue period, a neuron with a unilateral response field bordering the fovea would have responded on every trial and, hence, been classified as nondirectional.
In contrast, the ODR paradigm that we employed insured that specific retinal locations were stimulated on different trials. Even if the monkeys did not look at the stimuli in earlier studies, it is possible that broadly tuned neurons that preferred vertical or oblique stimulus locations were activated by both left and right cues and, hence, were classified as nondirectional.
Another important result concerning directional selectivity is the evidence that the neuronal response during the cue period codes not only the left-right location of visual cues but, in fact, codes arbitrary visual cue locations around the entire visual field. The same neuron was consistently activated by the same cue or set of cue locations, and different neurons coded different locations. Further, our results demonstrate that cue-period activity in the ODR task is closely related to the neuron's visual receptive field because the cue-period activity in the ODR task was similar in terms of the magnitude and tuning of response to visual responses in the VP task. Thus it appears that the directional selectivity of cue-period activity in the ODR task primarily reflects the visual receptive fields of PS neurons.
Finally, there was a strong contralateral bias in directional activity during the cue period of the ODR task, a fact not well documented or emphasized in many previous reports (Fuster et al. 1973 (Fuster et al. , 1982 Niki et al. 1974c Niki et al. , 1976 . The best direction for 7 1% of PS neurons with directional cueperiod activity was toward the contralateral visual field, whereas it was toward the ipsilateral field for only 18% of PS neurons. Therefore, although the prefrontal cortex receives visual information from the entire visual field, each hemisphere tends to be specialized for visual information from the visual field contralateral to it. Contralateral bias has also been noted in an oculomotor two-choice delayedresponse task by Kojima (1980) as well as by Joseph and Barone (1987) . However, the failure to detect contralateral bias of cue responses during manual delayed-response tasks in many other previous studies may again reflect the lack of . control of the retinal locus stimulated in delayed-response paradigms. Indeed, in conventional tests of the visual receptive field studies of PS neurons, contralateral bias is usually observed (Mikami et al. 1982a; Suzuki and Azuma 1983) .
Enhancement Qfvisual responses by behavioral signi$cance
In the present study, only 2 1% of PS neurons were significantly (E > 2.0) enhanced by the behavioral significance of the stimulus (Fig. 16) . A similar result was obtained by Mikami et al. ( 1982b) with the use of a visual detection task in which the monkey was required to respond to or ignore the visual stimulus depending on the instruction stimulus. In their study, only 13% of prefrontal neurons showed significant enhancement when the visual stimuli were taskrelevant. Recently, Both and Goldberg (1989) reported that 36 and 33% of PS neurons showed significant enhancement when visual stimuli were targets of saccadic eye movements in their "synchron" and "delayed saccade" tasks, respectively. Furthermore, their mean enhancement indexes (E = 2.95 in the delayed saccade task and E = 3.40 in the synchron task) are considerably higher than ours (E = 1.45), especially considering that E = 1 .O means zero enhancement. Their delayed saccade task differed from our ODR task in several important ways as follows: 1) their visual stimuli remained on during and beyond the delay interval so as to guide the delayed saccade, thus the task did not have any mnemonic requirement; 2) the "delay" between the onset of the peripheral visual stimulus and the saccade start was only 0.5 to 1 .O s, whereas the delay in the ODR task was usually 3 s, and sometimes 6 s, after the offset of the cue; and 3) their peripheral target repeatedly appeared in the same location, usually in the neuron's receptive field, whereas the cue location in the ODR task was randomly varied from trial to trial. As elaborated below, the higher incidence of enhancement they found may reflect differences relative to the present study in the particular oculomotor tasks they used or in the specific region they recorded from.
The percentages of PS neurons that show enhancement in the present study are smaller than those reported for other brain structures tested under different conditions. Several reasons may account for why PS neurons could have less enhancement than its input structures. Neurons in and around the principal sulcal have direct anatomic connections with the posterior parietal cortex (Cavada and Goldman-Rakic 1989; Goldman-Rakic and Schwartz 1982; Jacobson and Trojanowski 1977; Petrides and Pandya 1984; Schwartz and Goldman-Rakic 1984) , and these pathways are a likely transcortical conduit of visual information to the prefrontal cortex. Because about one-half the visually responsive neurons in the posterior parietal cortex are not enhanced, it could be that this subset of parietal neurons project to the principal sulcal cortex, whereas the enhanced parietal neurons preferentially target the frontal eye fields. In this regard, it is of interest that the frontal eye fields and the principal sulcal area are mainly innervated by different sectors of posterior parietal cortex (Barbas 1988; Cavada and Goldman-Rakic 1989) . The smaller incidence of enhanced visual responses in our report relative to other reports could also reflect differences in the oculomotor tasks used to endow visual stimuli with behavioral significance. For example, the ODR task used in the present study separates visual responses from the execution of the saccadic eye movements by over 3 s, whereas the visually-guided saccade task used in most previous reports elicits movements that typically begin within 200 ms of the visual stimulus onset. Such temporal proximity could inflate estimates in the enhancement of visual activity for neurons also having presaccadic motor activity when, in fact, their larger responses represent a summation of visual and motor activity (e.g., Hikosaka et al. 1989 ).
Conversely, although the ODR task requires attention to the peripheral visual cue in order to encode and remember its spatial location, it also requires suppression of the natural tendency to make a saccade immediately to the cue. Thus, although it is plausible that visual responses of some neurons to the cues in the ODR task were enhanced in conjunction with attending to the stimulus and remembering its location, it is also functionally plausible that visual responses of other neurons were suppressed in conjunction with preventing saccades to the cues. In this regard, it is interesting that 35% of our PS neurons had enhancement indexes < 1 .O. Finally, it is also possible that the phasic activity of PS neurons to visual stimuli simply reflects the registration of sensory information, and an enhancement is not a relevant phenomenon. Construction of~memorvjk1d.s . w
In our previous report, evidence was provided that many prefrontal neurons with delay-period activity in the ODR task had directional selectivity (Funahashi et al. 1989a) . Like the results presented here, those neurons had delayperiod activity only when visual cues were presented at certain locations in the visual field, and, on the strength of this finding, we proposed that prefrontal neurons have memory fields. Analysis of the tuning of delay-period activity indicated that the majority of prefrontal neurons had their best directions toward the contralateral visual field, suggesting that memory fields were lateralized such that neurons in the right hemisphere tended to have their memory fields in the left visual field and vice versa. The finding in the present study that memory fields and the visual properties of prefrontal neurons are similar in terms of contralateral bias as well as tuning specificity suggests that a primary function of the visual input to the prefrontal cortex is in constructing the directional selectivity of the memory field. Nevertheless, it is essential to also point out that delay-period activity of PS neurons is not simply an elongation of the cue-period activity. Many PS neurons had delay-period activity in the absence of the cue-period activity. Furthermore, when neurons having both activities were analyzed, the best directions and directional specificities of their cue-and delay-period activities were not always identical (see Figs. lo-12) .
The weak enhancement of the visual responses of PS neurons in the ODR task argues against a critical role of enhancement in constructing memory fields in PS neurons and, hence, in the memory process itself. This conclusion is also in accord with the fact that many neurons with memory fields do not exhibit cue-period activity, and is consistent with the vast literature that shows that lesions of the dorsolateral prefrontal cortex do not disrupt performance on a wide variety of tasks in which sensory processing and activation are necessary (for review, see Fuster 1989; Goldman-Rakic 1987) .
In fact, our results indicate that at least three groups of neurons (C, D, and C+D) are active in the prefrontal cortex in constructing memory fields during a delayed-response task. The C group contains prefrontal neurons that respond phasically to the visual cues and presumably access information about the spatial location of the cue from
